powders with x 5 0-1.0. Powders were characterized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, Fourier transform infrared, thermal gravimetric analysis, differential thermal analysis, and BET. The resulting powders had average particle sizes (APSs) o100 nm with the majority being o50 nm. Analytical data suggest that at concentrations of interest for transparent conducting oxides, o10 mol% Al 2 O 3 the particle morphologies are combinations of plates and rods that grow with c/a ratios close to 1. The spinel phase dominates at (ZnO) x (Al 2 O 3 ) 1Àx (x 5 0.5 and 0.3). In the latter case, the currently accepted phase diagram for the ZnO-Al 2 O 3 couple indicates that phase separation should occur to form zinc spinel (ZnAl 2 O 4 ) and a-alumina. It appears that the rapid quenching during LF-FSP helps to preserve the spinel phase at ambient temperature giving rise to kinetic nanopowder products along the ZnO 2 -Al 2 O 3 tie-line. Finally, the solubility of ZnO in Al 2 O 3 and vice versa in the materials produced by LF-FSP suggest apparent flame temperatures reached before quenching are 17001-18001C. Efforts to re-pass the spinel phase powders, (ZnO) x (Al 2 O 3 ) 1Àx , x 5 0.5 and 0.3 through the LF-FSP system were made with the hope of generating core shell materials. However, instead the x 5 0.5 material generated materials closer to the x 5 0.3 composition and pure ZnO nanoparticles that coat the former materials. These results suggest that at LF-FSP flame temperatures ZnO remains in the vapor phase for sufficient times that Al 31 oxyions generated promote nucleation of finer particles leaving essentially phase pure ZnO still in the vapor phase to condense giving the two distinct particle morphologies observed.
I. Introduction
T RANSPARENT conducting oxides or TCOs are used for a wide variety of applications including various display applications as well as photovoltaic, electrochromic, RF shielding, and sensor applications. TCOs typically have band gaps 43.1 eV (absorptions o400 nm) and can have conductivities of % 1 Â 10 4 S/cm similar to good metal conductors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although functionally useful TCOs have been made from a wide variety of alloys or doped forms of In 2 O 3 , SnO 2 , Ga 2 O 3 , ZnO, PbO 2 , SbO 2 ; the commercial material of choice is doped indium oxide, e.g. In 2 O 3 :Sn 5-6 at% Sn (ITO). Unfortunately, ITO is expensive because of the scarcity of In. Thus, extensive efforts have been made to find substitutes that provide similar properties at lower costs.
Aluminum-doped zinc oxide or ZnO:Al was first proposed as an ITO substitute by Wasa et al. in 1971, 11 and has since been the subject of numerous studies, typically in thin films prepared using a variety of deposition methods. [12] [13] [14] [15] [16] One key issue is the thermal stability of ZnO which loses oxygen at temperatures !1501C. 17 In 1984, Minami and colleagues described the preparation of ZnO:Al films stable to % 4001C with resistivities of % 2 Â 10 À4 O Á cm. 8, 17, 18 ZnO:Al films have recently been used in commercial flat panel displays and thin film solar cells offering resistivities of 1-3 Â 10 À4 O Á cm at dopant concentrations of 1.6-3.2 at% Al in ZnO. 8, [11] [12] [13] [14] [15] [16] [17] [18] Considerable opportunity remains to further modify these materials to improve conductivity, thermal stability, and transparency through further manipulation of both chemical and phase composition as well as processing methods motivate the efforts reported here. 8 We have previously demonstrated that liquid-feed flame spray pyrolysis (LF-FSP) offers a simple way to produce complex mixed-metal oxide nanopowders. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Basically, in the LF-FSP process, alcohol solutions of metalloorganics and occasionally organometallics at 2-10 wt% of ceramic content are aerosolized with oxygen and thereafter ignited. Combustion occurs at temperatures of 15001-20001C depending on the precursor, its concentration and processing conditions. Combustion takes place within a 1.5 m quartz tube and the combustion products are quenched at rates of 10001C/ms. The resulting ceramic soot (metal oxide nanopowders) is collected downstream in electrostatic precipitators. Production rates run 30-100 g/h. The unaggregated and often single crystal nanopowder compositions are the same as those in the original precursor solution. More details are available in the experimental and in previously published papers. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Most recently we demonstrated that LF-FSP processing of MgO-, CuO-, CoO-, ZrO-, CeO-, NiO-Al 2 O 3 mixed-metal systems provides access to heretofore unknown and/or unusual spinel phases because of the rapid quench kinetics that occur in the process. [27] [28] [29] [30] [31] [32] [33] Given that some of these materials and phases may offer unique properties inaccessible using standard ceramics processing methods, we sought to extend LF-FSP processing to (ZnO) x (Al 2 O 3 ) 1Àx nanopowders hopefully with similar outcomes. The current studies also serve as the basis for LF-FSP processing of (ZnO) x (Al 2 O 3 ) 1Àx nanopowders incorporating tertiary and/or quaternary dopants.
It is important to note that there are now two books on the gas phase synthesis of metal oxide nanopowders and a number of reviews including those by several other groups that have explored the use of LF-FSP for the production of nanooxide powders. [34] [35] [36] [37] [38] [39] [40] [41] Although we were unable to identify other groups using LF-FSP to produce Al-doped ZnO, numerous other groups have developed diverse approaches to these materials as mentioned below.
Three phases are found along the ZnO- 33 moles] was reacted with excess propionic acid (400 mL, 5.44 mol) in a 1 L flask equipped with a still head and an addition funnel. N 2 was sparged directly through the solution (2 psi pressure) as the solution was heated at 1201C/2 h to distill off B150 mL of liquid (water and propionic acid). The resulting solution was slowly heated to distill off excess solvent and reactant. Thereafter the solution was reduced to 100 mL of a viscous green gel by rotary evaporation, and then the gel was dried to a solid under a dynamic vacuum at 701C. The TGA of this product is discussed in Section III.
( Measured volumes of the two solutions, based on the molar ratio of Zn and Al, were mixed in the appropriate amounts to make 500 mL solutions for each precursor compositions listed in Table I Section III, and then 2.5 L of EtOH was added to give a final volume of 3000 mL with stirring at room temperature.
(3) LF-FSP LF-FSP, as developed at the University of Michigan, has been described in detail in published papers. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] 42 Briefly, alcohol (typically EtOH) solutions containing 1-10 wt % loading of ceramic as precursors, e.g. single-or mixed-metal alkoxides, carboxylates or b-diketonates are aerosolized with O 2 into a 1.5 m quartz chamber where it is ignited with methane pilot torches.
Initial combustion temperatures run 15001-20001C, depending on the processing conditions, generating nanopowder ''soot.'' Gas phase temperatures in the flame were measured using a two-color Omega S3753 optical pyrometer (Omega Engineering Inc., Stamford, CT) (calibrated using 304 steel T m and an external thermocouple) used in peak mode (recording at highest temperature in the flame).
Temperatures decline to 3001-5001C over 1.5 m, equivalent to a 10001C quench in r100 ms leading to kinetic products and nanopowders that are largely unaggregated; although they are lightly agglomerated. ''Shooting'' rates can be 200 g/h when using wire-in-tube electrostatic precipitators operating at 10 kV. Typical powders are 15-100 nm APS with specific surface areas (SSAs) of 30-100 m 2 /g. When combinations of elements are used, the resulting nanopowders will have compositions identical to those of the precursor solutions. Because compositions of chemical solutions can be changed intentionally, potentially even during mixing just before aerosolization, it becomes possible to combinatorially produce mixed-metal oxide materials. Hence it becomes possible to rapidly optimize materials for given properties or for ease of processing.
(4) Characterization
(A) TGA/DTA: Phase transformations and mass loss events occurring during heating of as-prepared samples were investigated via simultaneous differential thermal (SDT) analyzer (TA Instruments Inc., New Castle, DE). The transformation temperatures determined by TGA were also done using a model 2960 simultaneous thermogravimetric analyzer (TA Instruments, Newcastle, DE).
As-prepared powders of about 20 mg were hand pressed in a 3 mm dual action die and placed inside Pt sample cups and heated at ramp rates of 101C/min from room temperature to 14001C. The reference material was a pellet of a-alumina. A synthetic air flow of 50 mL/min was maintained during all SDT experiments. Precursor samples were placed in alumina sample cups with an empty alumina cup as the reference and heated at ramp rates of 101C/min up to 10001C.
(B) XRD: As-prepared and heat-treated (air/nitrogen) samples were characterized using a Rigaku Rotating Anode Goniometer (Rigaku Americas, The Woodlands, TX). Powder samples for the Rigaku were prepared by placing % 100 mg in XRD sample holders (amorphous silica slides) for data collection. CuKa (l 5 1.54 Å ) radiation with a Ni filter was used with a working voltage and current of 40 kV and 100 mA, respectively. (C) SSA: SSA was measured on a Micromeritics ASAP 2000 sorption analyzer (Micromeritics Instrument Corporation, Norcross, GA). Samples (200 mg) were degassed at 4001C until the outgas rate was 5 mmHg/min. Analyses were run at 77 K with N 2 . SSAs were determined by the BET multipoint method using at least five data points with relative pressures of 0.001-0.20. The average particle size (APS) was derived using the formula hDi ¼ 6 rÂSSA where hDi 5 APS, and r is the density of the material. (D) TEM: An analytical high-resolution TEM (Model 3011, JEOL, Osaka, Japan) was used to measure the particle sizes and morphologies of as-prepared powders. Powder samples were prepared by dipping a holey carbon grid in a vial of emulsion with as-prepared powder. The specimen was held in a Gatan double tilt goniometer (Gatan Inc., Pleasanton, CA). An operating voltage of 300 kV was used.
(E) Scanning Electron Microscopy (SEM): A highresolution SEM (FEI NOVA dual beam-focused ion beam workstation and scanning electron microscope) was used to image powder morphologies. Powder samples were dispersed in distilled H 2 O using an ultrasonic horn (Vibra-cell, Sonics and Materials Inc., Newton, CT). A drop of the dispersed powder/water was placed on an aluminum SEM stub and allowed to dry for 4 h on a hot plate. Powders were sputter coated with 1-5 nm of Au-Pd to reduce charging effects. The operating voltage was 15.0 kV.
III. Results and Discussion
The objectives of the current study were to develop structureproperty-processing parameters for LF-FSP production of (ZnO) x (Al 2 O 3 ) 1Àx oxide nanopowders along the ZnO-Al 2 O 3 tie line including spinel (ZnAl 2 O 4 ) composition regions as listed in Table I . Details of the LF-FSP process are given in Section II. The first step in processing nanopowders by LF-FSP is in the choice of a precursor. The following section briefly explores the issues with precursor choice.
(1) Precursor Choices A wide variety of precursors have been used in the fabrication of (ZnO) x (Al 2 O 3 ) 1Àx nanopowders, coatings, and nanowires. These include metalloorganics such as carboxylates, acetylacetonates and alkoxides, [43] [44] [45] [46] [47] [48] [49] [50] [51] organometallics such as diethylzinc and trimethylaluminum [52] [53] [54] and simple nitrates and sulfates. 51, [55] [56] [57] Alternate processing approaches use simple sputtering of targets preformed from powders or direct oxidation of zinc metal or its oxide in flowing gas. 56, 58 Metal carboxylates, acetylacetonates, and alkoxides are often chosen as precursors for processing metal oxide materials as an alterative to metal halides, nitrates, and sulfates in an effort to avoid halide and sulfate contamination of the resulting oxides. Nitrates typically offer excellent solubility in water and polar solvents but often generate copious amounts of NO x gases during processing that present significant handling drawbacks. Metal alkyls are very reactive and flammable and as such not easily handled in a typical ceramics processing laboratory.
Of the metalloorganic precursors, metal acetylacetonates are very useful for vapor processing of thin films and coatings but are often not as polar as carboxylates or alkoxides and therefore not as soluble [e.g. Al(Acac) 3 ] in polar solvents such as alcohols often used in sol-gel processing and or spray and flame spray pyrolysis systems. Indeed, the simplest metal carboxylates such as Zn(OAc) 2 are not easily dissolved in alcohols. Thus from a solubility aspect, the simplest, lowest cost, and easily prepared carboxylates are the propionates. We have reported that triethanolamine complexes of transition metals (trane complexes) are relatively insensitive to hydrolysis compared with most alkoxides and as such offer a simple alternative to most aluminum alkoxide precursors. 22, 26 Thus, we originally developed precursor systems based on Zn(OAc) 2 and Al(OCH 2 CH 2 ) 3 N (alumatrane). 22 However, during the course of these studies we replaced Zn(OAc) 2 with Zn(O 2 CCH(CH 3 ) 2 finding it more soluble and more easily handled and alumatrane with Al(Acac) 3 although its solubility is limited. Thus, most of our LF-FSP precursor solutions were made at low total concentrations of precursors.
We previously reported the characterization of alumatrane [N(CH 2 CH 2 O) 3 Al] and its use as a precursor in LF-FSP for the synthesis of d-alumina nanopowders. 22 ,24,29-33, 59 Here we report on the zirconium precursor, Zn(O 2 CCH 2 CH 3 ) 2 synthesized as discussed in the Section II. This precursor has a thermal decomposition pattern similar to other metal carboxylate precursors studied previously. [29] [30] [31] [32] [33] Figure 1 shows a TGA trace for Zn(O 2 CCH 2 CH 3 ) 2 . Initial mass losses (2%) are due to propionic acid of recrystallization. Thereafter, mass loss events are attributed to the decomposition of the propionate ligands as reaction suggested in reactions (1) and (2 (2) LF-FSP Processing Conditions As we have described in previous publications, our LF-FSP processing conditions typically involve aerosolizing ethanol solutions of soluble precursors in the desired stoichiometric ratios with oxygen. The resulting aerosol is ignited using methane/O 2 pilot torches inside a 1.5 m by 30-cm-diameter quartz tube. Combustion occurs at temperatures of 15001-20001C followed by rapid quenching to temperatures near 4001C at the end of the quartz tube. The resulting powders are captured in electrostatic precipitators thereafter and collected by hand. Rates of production are typically 10-20 g/h but can be effected at up to 200 g/h as desired. Gas phase temperatures in the flame were measured using an optical pyrometer. However, these temperatures are reaction system dependent and thus a range of temperatures is given.
LF-FSP processing allows the use of mixed-metal precursors, mutually soluble in alcohol, of any composition to be aerosolized and combusted. Therefore, LF-FSP offers access to high SSA nanopowders consisting of single-phase, solid solutions and mixed-phase nanopowders in the (ZnO) x (Al 2 O 3 ) 1Àx oxide system.
As noted above, several other groups also conduct gas phase processing including spray pyrolysis and flame spray pyrolysis. In these systems, the typical flame temperatures are closer to 10001C; although in several recent reviews temperatures as high as 30001C are discussed. [40] [41] [42] These latter temperatures are more akin to those of plasma processing. In general, LF-FSP processing as practiced at UM differs considerably from other groups because we work with turbulent flames rather than laminar flow systems. Furthermore, in addition to having somewhat higher temperatures, our precursor throughput is much higher than other researchers who often produce milligrams/hour. These differences appear to lead to quite different products in some instances. LF-FSP flame synthesis occurs at temperatures of 15001-20001C, thus we are potentially able to explore the solubility limit of Al in ZnO at much higher temperatures than possible for standard ceramics processing methods and by virtue of the rapid quenching that occurs in LF-FSP, produce powders with relatively extreme compositions, e.g. at the edge of the currently known solubility limits.
However, nanopowders produced by LF-FSP show higher solubility (up to 20 mol% Al 2 O 3 ) at ZnO-rich compositions than the phase diagram. 36 As with many of our previous studies, LF-FSP materials generated by rapid quenching lead to novel kinetic products not expected based on traditional processing methods. Since traditional processing methods lead to thermodynamically rather than kinetically defined phase compositions, these materials may offer unique opportunities for a wide variety of application including various display applications and/or photovoltaic, electrochromic, RF shielding, and sensor applications.
(4) Compositions
The set of compositions listed in Table I were produced using LF-FSP. First, we made ZnO-rich compositions from zinc acetate and alumatrane, then the overall composition series with zinc propionate and aluminum acetylacetonate.
(5) XRD Studies
Here we begin with the ZnO-rich samples from zinc acetate and alumatrane, which form Al-doped zincite nanopowders. The XRDs for the majority of the compositions are given in Fig. 2 . 100 mol% ZnO (pure ZnO) has the hexagonal wurtzite structure in accord with PDF . The XRDs of the 95-100 mol ZnO compositions show that hexagonal zincite is the major phase. However, a very small (440) peak at 65.21 2y seen in the XRD supports spinel phase formation for compositions 97.5 and 95 mol% ZnO.
Because of solubility issues with zinc acetate, we switched to zinc propionate Zn(O 2 CCH 2 CH 3 ) 2 for the broader set of compositions including the spinel phase region. We also switched to aluminum acetylacetonate [Al(Acac) 3 ] from alumatrane. Figure  3 provides XRD patterns for all as-produced nanopowders along the (ZnO) x (Al 2 O 3 ) 1Àx tie-line.
In Fig. 3 ZnO sample is also almost phase pure spinel in contrast to existing thermodynamic data where phase separation between spinel and a-alumina should be found. In the phase diagram, phase pure spinel with a 30 mol% ZnO composition forms only between 17001 and 18001C. One could argue that in LF-FSP, phase pure spinel forms and the spinel structure is preserved by rapid quenching to ambient temperature, forming a kinetic product. Thus, we can suggest that the effective LF-FSP operating temperature is 17001-18001C. The term ''effective'' is used because we are not able to estimate the effect(s) of the very small particle sizes and therefore high surface energies on the solubility of one oxide phase in the other.
The 10 mol% ZnO sample shows phase separation between spinel and d-alumina; different from the phase diagram where phase separation should lead to spinel and a-alumina. According to Hinklin et al., 22 the formation of d-alumina might be favored during LF-FSP processing. One can argue that kinetic transition alumina formed during LF-FSP is unable to transform to the thermodynamically stable a-alumina, because of rapid quenching (10001C/ms). A detailed discussion of the formation of transition aluminas rather than a-Al 2 O 3 at these temperatures is presented elsewhere. 59 (6) APSs and SSAs from BET Table II provides APSs of samples from zinc acetate and alumatrane along the different plane directions as measured using Debye-Scherer methods. 100 mol% ZnO (pure ZnO) has the largest APSs of 90-150 nm depending on the crystallographic plane.
Crystallite sizes decrease to B30 nm for 95 mol% ZnO. XRDs of the (hkl) 100, 002, and 101 reflections of all LF-FSP prepared samples showed no evidence of preferred growth orientations in contrast to reports for sputtered materials with even less Al doping. 13 Lattice parameters determined using the (100) and (101) peaks (Fig. 2) show c/a axis ratios of o2.0 as listed in Table  III . In Table III , it can be seen that the d-spacings of both the aand c-axes increase when the amount of Al 31 increases indicating that the cell volume increase is proportional to the Al 31 ion concentrations. Note that these values are the averages gleaned from XRD data and may average in data for pure ZnO with data for nanoparticles that have somewhat higher Al 31 concentrations based on the arguments made below concerning the mechanisms for particle formation.
Since 21 , one would expect that the total cell volume decrease. However, the 95 mol% ZnO cell volume is lower than that for 99.8 mol% ZnO, which indicates that the concentration of Al ions is above the solubility limit in ZnO at this composition (maximum is 4.7 mol% per Hansson et al.).
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The maximum cell volume is found for 97.5 mol% ZnO. For 99.8, 99.0, and 97.5 ZnO mol% compositions, our results suggest that Al 31 dissolves in ZnO, likely due to the rapid quenching during the LF-FSP process. Unfortunately, the exact explanation for these observations is beyond the scope of this paper.
The APSs for samples from zinc propionate and aluminum acetylacetonate were estimated from Debye-Scherer line broadening and their SSAs (Table IV) . The BET particle sizes are about twice the Debye-Scherer APSs perhaps because some necking occurs between single crystal particles. This would lead to lower surface areas than expected and reduced APSs. 
October 2011
Combinatorial Nanopowder Synthesis Using LF-FSP(7) SEM and TEM High-resolution microscopy was used to assess particle morphologies as a function of chemical and phase composition. SEMs of the 100, 97.5, and 95 mol% ZnO samples made from zinc acetate and alumatrane are shown in Fig. 4 . Pure ZnO (ZA00) powders consist of hexagonal rods and platelets. The addition of small amounts of alumina in the 97.5 and 95 mol% ZnO powders results in significant reductions in APSs from the pure ZnO powders. Similar reductions in particle size on increasing Al 31 content have been observed before. 45 This APS reduction in the SEM images matches with the APS data from XRD line broadening in previous section. However, particles 4100 nm are still seen in both samples.
SEM was also used to demonstrate powder uniformity for the samples from zinc propionate and aluminum acetylacetonate. Figure 5 shows that SEM resolution is insufficient to reveal individual particles but does provide a view of the general particle population.
For a ZnO-rich sample ( Fig. 5(a) ) shows dominant cylindrical-shaped particles with irregular c/a ratios, and a bimodal distribution of APSs. For a spinel region sample (Fig. 5(b) ), most particles are spherical and APSs are less than 50 nm. These SEMs indicate that the particle populations produced here do not include any obvious micrometer size particles.
TEM micrographs of 100, 99.8, and 95 mol% ZnO samples are shown in Fig. 6 . While small particles (o15 nm in particle sizes) are not observed in pure ZnO powders, the 99.8 mol% ZnO powders show significant amounts of fine particles with APSs o 30 nm compared with the pure ZnO powders.
The increase in number of small sized particles in 99.8 and 95 mol% ZnO samples also matches with XRD line broadening results and SEM images. It appears that there is a bimodal size distribution at 25 and 250 nm in these powders, while the compositions close to the spinel region show more uniform and smaller APSs.
The morphologies also change with Al 31 doping. As the amount of Al increases, the resulting particles tend toward rods indicating enhanced growth along the c-axis perhaps indicating somewhat selective addition of Al 31 ions to one growth face. However, detailed studies show that correlate particle size and shape as a function of Al 31 content were not pursued further.
TEM images were also used to gather information on particle morphologies and sizes of as-prepared powders at the spinel composition. Discussions of actual size/size distributions are not appropriate if based solely on TEM micrographs, unless combined with the XRD results and SEM images. Figure 7 offers high-resolution TEM images of (ZnO) x (Al 2 O 3 ) 1Àx nanopowders (8) Diffuse Reflectance Infrared Fourier Transform Spectroscopy Once the particle morphologies were characterized by XRD and high-resolution microscopy, the particle surface chemistries were characterized using FTIR. DRIFT spectra for (ZnO) x (Al 2 O 3 ) 1Àx nanopowders are presented in Fig. 8 . Higher wavenumber (41500 cm
À1
) regions were first normalized and then multiplied 10 Â in an effort to observe nC-H or nO-H bands on powder surfaces. These spectra offer little evidence for either nC-H or nO-H bands.
The as-processed nanopowders have no significant organic species on the surface, as the absence at 2900-2700 cm À1 nC-H vibrations suggests. 65 nO-H vibrations (3800-3200 cm À1 ) show both chemi-and physisorbed water on the surface of nanopowders. 66 nM-O bands are observed in the 1200-400 cm À1 region. The spinel structure (80, 50, and 30 mol% ZnO) is confirmed by FTIR spectra, as there are three characteristic peaks at 510, 570, and 690 cm À1 corresponding to a normal spinel structure with octahedrally coordinated Al 31 . 67, 68 The bands at 450-600 cm
show nZn-O bands typical of the wurtzite structure, which dominate Zn-rich samples (95, 99, 80 mol% ZnO). 69, 70 (9) TGA-DTA Studies TGAs were performed in air on all as-prepared powder samples to determine the relative amounts of surface species and thermal behavior. The thermal stability of the powders was investigated using DTA. Figure 9 shows the TGA for the series of powders. The DTAs are not shown, because they are not informative, no phase transformations are observed.
All as-processed powders exhibit 0.5-5.0 wt% mass losses up to % 3001C, typical of LF-FSP produced nanopowders that can be attributed to evolution of both physi-and chemisorbed water as seen in the FTIR (Fig. 8) . 66 Mass losses between 3001 and 4001C are due to elimination of carbonate species as CO 2 . The amount of mass loss is proportional to the amount of alumina as seen previously. [29] [30] [31] [32] [33] (10) Reprocessing Spinel Composition Nanopowders by LF-FSP We recently re-shot d-alumina using LF-FSP causing d-alumina transform to a-alumina. 59 Based on this result, we realized that given that 30 mol% ZnO composition gives pure nonstoichiometric spinel phase (PDF file: 77-0732) as a kinetic product, we might expect core-shell nanostructured nanoparticles to form with spinel and a-alumina using LF-FSP reprocessing based on the phase diagram thermodynamic data and the nucleation differences between spinel and a-alumina due to different boiling/melting points. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] 59 Therefore, we re-shot as-produced spinel composition nanopowders (30 and 50 mol% ZnO), because we anticipated that the as-processed spinel nanoparticles might phase separate to spinel and a-alumina during reprocessing. The existing phase diagram suggests that phase separation October 2011 Combinatorial Nanopowder Synthesis Using LF-FSPbetween spinel and a-alumina should be observed at 30 mol% ZnO composition.
As-produced LF-FSP (ZnO) x (Al 2 O 3 ) 1Àx (x 5 0.3, 0.5) powders (3.0 g) were dispersed with 5 mg DARVAN C-N s (R.T. Vanderbilt Company Inc., Norwalk, CT) in 100 mL EtOH using a 1.2-cm-diameter 500 W ultrasonic horn (Sonics and Materials 600 VCX, Newtown, CT) at 40% of full power for 12 h. The dispersion was allowed to settle for 24 h. Dispersed nanopowders were mixed with ethanol to a 3.0 wt% ceramic loading, and re-shot in the LF-FSP as described in Section II.
We find that re-shooting produces powders quite different from our anticipated results. The XRDs (Fig. 10) show the phases of the as-produced and re-shot nanopowders at 30 and 50 mol% ZnO compositions. For 50 mol% ZnO samples, phase separation of wurtzite (zincite) and the nonstoichiometric spinel phase (PDF 77-0732) were observed in contrast to the existing thermodynamic data showing phase pure stoichiometric spinel. For 30 mol% ZnO samples, two main phases, wurzite and spinel (PDF file: 77-0732), with traces of d-alumina phase form.
Based on the phase diagram, 44 heating phase pure spinel above approximately 17001C causes the formation of a liquid phase coincident with the formation of the nonstoichiometric spinel phase (PDF 77-0732). Thus, during LF-FSP reprocessing, this appears to be what happens and on quenching the spinel component retains its nonstoichiometry, whereas the liquid portion is quenched to form wurtzite ZnO. One would therefore expect two different particle morphologies as discussed below but it also may mean that the two particle morphologies observed above arise for similar reasons, the ZnO remains liquid longer than Al 31 -doped materials. Since at low Al 31 loadings their incorporation leads to an as yet unexplained increase in unit cell dimensions that may arise from formation of interstitials, a better explanation of the above analysis of c/a ratios may be that it is actually averages particles that are pure ZnO and those with higher Al 31 doping. At the moment, this remains an open question.
High-resolution SEM and TEM were used to study the morphology of re-shot nanopowders. In Figs. 11 and 12 , we observe two different morphologies in the re-processed nanopowders. Comparing with images in previous sections, we expect the cylindrical shape nanoparticles to be zincite and the spherical nanopowders to be nonstoichiometric spinel.
In order to characterize the two different morphologies in the re-shot nanopowders, STEM and XEDS were used. XEDS data (Fig. 14) of four different spots in the STEM image (Fig. 13) were obtained for re-shot 50 mol% ZnO in Al 2 O 3 . For cylindrical shapes (spots 2, 3, and 4 in Fig. 13 ), we observed Zn peaks and no Al peaks in the XEDS [ Fig. 14(b)-(d) ]. For the spherical particles (spot 1 in Fig. 13 ), we observe a strong Al peak and a relatively weak Zn peak in XEDS [ Fig. 14(a) ] matching the nonstoichiometric spinel in the XRD data. Cu peaks in XEDS come from Cu grid in TEM sample holder.
Thus, our speculation on what happens in the gas phase on re-shooting and perhaps also during initial particle formation seems to be correct. That is, at the flame temperatures used, ZnO remains in the gas phase long enough to produce two different particle morphologies ones with higher Al 31 content and particles that are mostly pure ZnO. This then provides a reasonable explanation of the evolution of particle morphology seen in the high ZnO content nanopowders (e.g. 495 mol%). It is important to note that other efforts see well-defined particle compositions, even those using LF-FSP-like approaches. 44, 46 The best explanation is that these studies do not reach the same combustion temperatures used here.
IV. Conclusions
The utility of LF-FSP processing for combinatorial studies of nanopowders along the (ZnO) x (Al 2 O 3 ) 1Àx tie line was demonstrated focusing on composition regions including Al-doped ZnO for TCO applications and zinc spinel (ZnAl 2 O 4 ). The resulting data are different from the thermodynamic phase diagram because the resulting nanopowders are kinetic products made by rapid quenching of LF-FSP.
The as-produced powders were characterized in terms of phase, size, composition, and morphology by chemical analysis, FTIR, XRD, SEM, TEM, and TGA-DTA. The XRD data support previous conclusions suggesting that Al 31 ions incorporate into interstitial sites of zincite resulting in octahedrally coordinated Al 31 . At 80 mol% ZnO, small amounts of spinel phase segregate, while the XRD results suggest formation of a single zincite phase at Zn-rich compositions of 99, 95 mol% ZnO. However, the observation of two different particle morphologies in the last two compositions and the results of the re-shooting of phase pure spinel and off-stoichiometry spinel leading to mixed phase nanopowders as a consequence of the low melting temperature of the spinel phase suggest that even in the original powder production gas phase equilibria are of sufficient importance during quenching as to control particle morphologies and the chemical compositions of those particles.
Based on the solubilities of Al 2 O 3 in ZnO (up to 20 mol% Al 2 O 3 ) and vice versa, we can suggest an effective operating temperature for LF-FSP processing that ranges between 17001 and 18001C in ZnO-Al 2 O 3 system from the two compositional regions studied. The term ''effective'' is used because we are not able to estimate the effect(s) of the very small particle sizes and therefore high surface energies on the solubility of one oxide phase in the other. A more detailed discussion of the thermodynamics of cooling during nanoparticle formation is given elsewhere. 
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